Members of the National Aeronautics and Space Administration (NASA) desi gn and operation communities rely on meteorological information collected at Kennedy Space Center (KSC), located near Cape Canaveral, Florida, to correctly apply the ambient environment to various tasks. The Natural Enviromrents Branch / EV44. located at Marshall Space Flight Center in Huntsville, Alabama, is responsible for providing its NASA customers with meteorological data using various climatological data sources including balloons, surface stations, aircraft, hindcast models, and meteorological towers. Of the many data sources available within the KSC region, meteorological towers are preferred for near-surface applications because they record data at regular, frequent intervals over an extensive period of record (POR) at a single location. This paper discusses the uses of data measured at Launch Complex 39B (Pad 39B) and Tower 313 for the 1995-2007 POR, and how the data is being applied to various engineering decisions for the new Constellation Program Ares and Orion space vehicles.
Performing comparisons between multiple data sources shows the sensitivity of usin g meteorological data from a particular source to answer a given engineering question. Comparisons between meteorological variables from Tower 313 and the 10 meter tower at the Shuttle Landing Facility show the consequences of using data from different sources for a given engineering application. Concurrent mean and peak wind speeds, temperature; and dew point from both data sources at similar measurement altitudes were compared. The differences between these variables from the different data sources show that the instrument locations and measurement heights can have a significant impact on the environmental inputs of a given engineering analysis. The end result of the engineering analysis is thus also affected at a significance which depends on its sensitivity to the meteorological parameter. V In addition; sample results of statistical analyses using tower data are presented relating to the Orion capsule after a pad abort as well as situations when the Ares and Orion integrated stack is being transported to and remaining on the pad. Monthly landing availabilities from Tower 313 show how often an operation sensitive to given wind speed thresholds, such as an Orion landing after a pad abort, could be implemented. Generally, availabilities are better (worse) during the slunmer (winter) months, but individual availabilities vary depending on the month and wind speed threshold chosen. Wind speeds at given percentiles from Tower 313 are presented based on given months, altitudes, and wind directions; and show that the highest winds occur generally from a northerly direction during the autLmm and winter months. Tropical systems can also influence the wind data at extreme percentiles. Temperature versus relative humidity scatter plots from Pad 39B can be constructed to assist in vehicle purge analyses, which are sensitive to various temperature and humidity combinations. The analyses provided are samples of data generated by EV44 to assist NASA with applications sensitive to various meteorological variables. . Google Earth map showing the locations of the three KSC towers that will be discussed in this paper. Tower 313 is located inland from the launch pads but not quite as far inland as the SLF tower. Tower 313 also has the ability to take meteorological measurements at multiple heights.
II. Databases
The three towers all collect and store data in various wrays. The SLF, which records data at 10 in, has data from 1978 -the year SLF was created for the Space Shuttle Program -and goes through present day. Observations are recorded every hour; and sometimes additional observations are recorded if there is a significant weather event occurring. Many meteorolo gical variables are recorded, such as temperature, dewpoint, wind speed, and wind direction. The database also contains some information regarding precipitation and whether or not thunderstorms were observed in the area. For most variables, the hourly recorded value is the mean value of the last five minutes of the previous hour. Peak wind speed values are recorded as the highest 1-second guest over the 5-minute period. The data is quality controlled (QC'd) and archived through the National Climatic Data Center (NCDC)/Air Force Combat Climatology Center (AFCCC), located in Asheville, North Carolina.
The Pad 39B database contains data records for the 1995-2007 period of record (POR) at a height of 18.3 in two individual towers located near the pad. Each 5-minute record contains 5-minute averages of temperature; dewpoint, relative humidity, wind direction, and wind speed, includin g the maximum 1-second, or "peak", wind speed during the reporting period. Temperature and dewpoint are reported to the nearest 0.1 °C, and relative humidity is reported to the nearest whole percent. Temperature and relative humidity are directly measured by sensors on the tower, and the dewpoint is calculated in the data post-processing. Wind speed is measured in integer knots, but was converted to meters per second (m/s). For various reasons, the archived data contained erroneous data records. Therefore, before the data could be used, the erroneous records needed to be removed by applying an extensive QC process to the data'. This QC process generated a single database from the two towers by selecting data from the "upwind" tower.
Similar to Pad 3913, the Tower 313 database contains 5-minute reports of wind speed, wind direction, temperature, dewpoint, and relative hunudity from two sensors -one on the northeast side and one on the southwest side -at eight heights for the 1995-2007 POW-Meteorological measurements are taken at approximate heights of 2 m, 4 m, 16 m, 49 in. 62 m, 90 m, 120 m, and 1.50 m. Wind speed and wind direction are measured at all heights except at 2 m; temperature, dewpoint. and relative humidity are only measured at four heights -2 m, 16 m. 62 m, and 150 in. Characteristics of each variable are analogous to the Pad 39 database. Also, as with the Pad 39B database, the data as received by EV44 contained erroneous data records and those records needed to be removed by applying an extensive QC process to the data, creating a single database utilizing the "upwind" sensor.
III. Applications and Data Comparisons Between Meteorological Towers
Performing comparisons between multiple data sources shows the sensitivity of using meteorological data from a particular source to answer a given engineering question. Comparisons between meteorolo gical variables from the different towers show the consequences of using different sources for a given engineering concern. Various concurrent observations from these data sources were compared. The differences between the variables from the different data sources show that the instrument locations and measurement heights can have a significant impact on the analysis results, and sensitivity to a certain meteorological parameter can impact the overall engineering analysis.
A. Wind Speed Comparison Between Tower 313 and SLF
One example of how the application of meteorological tower data to a particular engineering analysis can have varying affects can be seen in analyzing winds for Orion -the CxP crew exploration vehicle -in the case of pad aborts. Generally, availabilities are better (worse) during the summer (winter) months, but individual availabilities vary depending on the month and wind speed threshold chosen. Here, "availability" is analogous to the probability of the wind speed being below a given threshold, applications using availabilities rely on the wind being below the given threshold, so the probability of the wind being below the threshold is interpreted as the probability of the wind not inhibiting the application of interest.
A comparison was performed between SLF and Tower 313 availabilities based on wind speed from the SLF and Tower 313 databases for a 90 in height of interest s . Monthly availabilities were calculated by tallying the number of observations where the peak wind speed was below the given threshold for a given month throughout the POR, dividing by the number of valid observations within that month, then multiplying the result by 100%. This process was implemented on peak wind speeds using both databases during the 1995-2007 overlapping POR.
First, availabilities were calculated on the hourly 10 m winds at SLF. Next, the wind thresholds were extrapolated from 10 in 89.9 m using a peak wind profile model, which envelopes peak wind profiles to a specified risk level. A detailed description of the model can be found in the NEDD, but a short description is provided below.
The peak wind profile model is used to envelope the peak wind profile for peak wind speeds greater than 2.0 m/s at the reference height, and is expressed by k Z u_ = 11 18.8 (1) 18.3
where 11_ is the peak wind speed (m/s), at height -(m), 1118.3 is the peak wind speed (m/s) at the reference height of 18.3 m, and k is an exponent defined by k= c (u ts.s ) 4
(2)
In equation (2), c is a normally-distributed variable defined by
where n is an input to the number of standard deviations from the mean c = 0.52 (m/s) 3/4 . Here, selecting a value for n envelopes the peak wind profiles to a specified risk level. Following equations (1), (2), and (3), selecting higher values of n will yield more severe peak wind profiles for a given 1118.3 and, thus, higher thresholds at the height of interest. For this study, given wind thresholds were extrapolated from 10 m to 18.3 m before applying equations (1) - (3). Using the wind thresholds extrapolated to 89.9 m for different standard deviation inputs, availabilities were calculated from the Tower 313 database at 89.9 m -the closest reference height to the 90 in hei ght of interest -at the top of each hour. Peak winds at the top of the hour were analyzed to be consistent with the SLF database, which only contains measurements at the top of the hour. Finally, the tower availabilities were subtracted from the SLF availabilities to yield a difference table. Tables 1(a), 1(b), and 1(c) were generated for different n inputs to see the effects of utilizing an enveloping profile model on availability for different wind speed thresholds and months. Table 1 . The difference in availabilities as a function of month and wind speed from Tower 313 and SLF for sigma levels (a) n = 0, (b) n = 1, and (c) n = 2. Gray indicates difference in availabilities < 0.1%. Green indicates greater availabilities for SLF between 0.2 and 9 .9%. Orange indicates greater availabilities for Tower 313 between 0.2 and 9.9%. Red indicates a difference > 10% between the two. Table 1 reveals some significant differences in the availabilities calculated from the Tower 313 and SLF. The most significant differences were found at wind speed thresholds from --2 m/s to ---10 m/s. Table 1(a) shows the comparison for the standard deviation input n = 0 case, or the "mean" profile. Here. the SLF has greater availabilities than Tower 313 from September-February for most of the wind speed thresholds. For thresholds below 10.0 m/s, differences above 10% -in favor of SLF -exist from August-May. Tower 313 does have greater availabilities from March-August at moderate to high wind speed thresholds, depending on the month. At higher thresholds the differences are, or are very close to, 0%. This feature can be attributed to the availability being very close to 100% from each database. The difference in availabilities between these two databases show that using a profile model may or may not be sufficient in engineering analyses and that using data at the height of interest is optimal.
To test the idea that the availability differences come from extrapolation of the peak wind and not differences in the data itself, Tables 1(b) and 1(c) were generated for different values of n and show the differences in availabilities for n = 1 and n = 2, respectively. Here, the wind speeds at a specified height corresponding to a given wind speed threshold at 10 in increase as n increases. In addition, note that the SLF availability calculations remain identical, so any change in the comparison is only due to the change in the Tower 313 availability calculations. The information in Table 1 shows that the availability differences between the two databases never seem to optimize at a specific n. The comparison for the n = 0.5 case (not shown) shows the least differences outside of +/-10%. For the n = 1 case, the availability differences have essentially reversed in sign from the n = 0 case. Here, greater availabilities exist for the Tower 313 database for the majority of thresholds and months, and a significant number of differences over 10% (now in favor of Tower 313) exist from March-September. For the n = 2 case, the Tower 313 database contains greater availabilities than SLF for nearly all months and thresholds, and differences over 10% exist for nearly all 10m wind speed thresholds below 10.0 m/s. This case shows that the peak winds at 90 in are severely overestimated using SLF data and the peak wind model with n = 2 as an input. Iterations were also done for other values of n (e.g., n = 1.5). but no n was found that optimized the comparison enough to validate using an enveloping wind profile model to calculate availabilities in place of data which is available at the height of interest. These tests show that the input to the peak wind model plays a significant role in calculating availabilities from surface (e.g., SLF) data, and can differ substantially from availabilities based on measurements at the height of interest.
B. Temperature vs. Wind Speed Comparison Between Pad 39 B and Tower 313
A second example of meteorological tower data being used in engineering analyses is an application which is sensitive to particular combinations of wind speed and temperature. One such application is a purging operation which occurs on the Ares I launch vehicle as it is sitting on the pad. This operation is sensitive to relatively cold temperatures occurring near 122 m. Although the Pad 39B tower is located closer to the pad itself than Tower 313, Tower 313 has measurements much closer to the heights of interest, though the simultaneous temperature and wind measurements would have to be taken from two different heights. For this reason, a comparison was performed between the two measurement sources to see if any significant differences in the probabilities of given wind speed and temperature combinations existed.
To perform this analysis, the joint probability of a particular wind speed and a temperature within the specified bin was examined. Temperatures were binned in 2.7 °C increments from -2.4 °C to 11.4 °C. but wind speeds were not binned. Rather, wind speed values (in n /s), which represented 0-45 miles per hour (mph) at every 5 mph mark (as requested by engineering customer), were examined. The number of reports where the wind speed equaled each particular value and the temperature fell within each specified bin were divided by the total number of valid, concurrent wind and temperature reports in each month. From Tower 313, wind speed at 120 in was examined with temperature at 150 m. However, both variables were examined at 18.3 m from Pad 3913. Table 2 shows the results for the month of because it contained the most instances of those thresholds occurrin g simultaneously (i.e., January had the highest probabilities of occurrence). Table 2 . Probability of occurrence (%) for specified temperature ranges and wind speed thresholds from a) Tower 313 and b) Pad 39B. The results in Table 2 show a very low probability of encountering the given wind speed and temperature combinations from both sources though, depending on the engineering application of the results, these differences could be significant. The highest probability from both datasets is the probability of a 4.6 m/s wind occurring with a temperature between 8.6 °C and 11.4 °C from Pad 3913, which is 0.884%. The probability of this same combination occurring from Tower 313 is 0-240%, yielding a difference of --0.644%-At first glance, and for some applications, differences at this probability level might be considered too low to have any impact on the engineering analysis or decision. However, as mentioned in Section I of this paper, EV44 is responsible for defining the extremes of the environment for en gineering applications. Here, the word "extreme" usually refers to probabilities of occurrence (or, `risks') lower than 1.0%-Thus, if a particular wind speed and temperature combination is defined as the "extreme" environment, its probability should be small enough to tolerate the risk of it occurring. For example; if the customer detennined that a 0.5% risk is the highest risk that a given application can tolerate; then the results for the combination described above for Pad 39B (0.884%) would not meet the risk criteria, while the result for Tower 313 (0.240%) would meet the risk criteria. When situations such as these arise, additional rationale has to be developed for choosing one data source over the other. If the application is near the pad at approximately 18.3 in, then the results from Pad 39B would be favored. However, for applications at different heights, such as the purge analysis mentioned above, Tower 313 would be preferred.
C. Temperature vs. Dewpoint Comparison Between SLF and Pad 39B
Another concern for various groups within the CxP relates to how ground support equipment will handle various temperature and dewpoint combinations at locations such as KSC. Some of this equipment is used to create a benign environment for the vehicle while it is worked on and moved around various KSC facilities prior to launch. High temperatures with high dewpoints can create a very moist and unstable environment, causing ground support equipment to have to work harder to maintain a stable environment. The same holds true if the other extreme occurs -very low temperatures with very low dewpoints.
Differences in temperature and dewpoint combinations exist between Pad 39B and the SLF. but the extremes of the SLF database seem to envelope the Pad 39B database. Pad 39B collects data near the shoreline, only a half nule inland. The SLF tower is further inland and records values closer to the ground. Therefore, some differences in temperatures and dewpoints between the two towers are expected. The scatter plot in Fig. 2 shows the temperature vs. dewpoint values for all the data records in the Pad 39B database for the 1995-2007 POR. The red boundaries capture the SLF temperature vs. dewpoint limits -a psychrometric chart created for inclusion within the DSNE. Nearly all the Pad 39B temperature and dewpoint data fall within the SLF boundaries. Some of the Pad 39B data points that fall outside the SLF boundaries may be suspect data and, for a more detailed analysis, would be further examined to better understand the QC process and to look at the validity of those values. Since the majority dewpoint are in °C. A psychrometric plot of However, the spatial difference between the towers is temperature and dewpoint which bounds SLF also evident. Closer to the shore; the air does not seem temperature and dewpoint combinations is overlaid to m et as cold and as dry as the air at the SLF, which in red. could be because the winds coming off the water keep air warm and moist near the shoreline while cooler, drier air exists further inland at the SLF. Regardless of the differences which exist between individual observations within the two datasets, Fig. 2 shows that the extreme temperature and dewpoint observations are enveloped by the SLF database. Customers perfonning analyses sensitive to low temperature and low dewpoint combinations might consider where the application is bein g performed relative to the location of the towers and the measurement height as cooler and drier air tends to exist at the SLF more often than at Pad 3913. IV. Conclusions Defining the environments includes deciding which database provides the meteorological information which most directly applies to the given analysis. Many different measurement sources exist at KSC, but meteorological towers -such as the three towers discussed in this paper -are preferred for near-surface applications. The analyses presented herein show example comparisons between meteorological variables measured at different towers at KSC. These comparisons were performed to show that usin g a dataset from a tower which is not in the direct vicinity of an engineering application can misrepresent the environments in which the engineering community is trying to design or work toward. Three examples were presented -with the first showing peak wind speed availabilities calculated using the SLF database with the NEDD model and from measurements from Tower 313 near the 90 in height of interest. Availabilities at 90 m can vary greatly between usin g the Tower 313 database and the SLF. Although the SLF has a longer POR, it takes wind measurements at 10 in and one must use a model to derive an associated wind speed at 90 in which to test. The NEDD model envelopes the peak winds at given sigma levels, so the associated wind speed at 90 in on the chosen sigma level. The comparison shows that usin g the SLF data with the NEDD model does not replace using measured data at the height of interest. The second tower comparison looked at joint probabilities of particular temperature and wind speed combinations that were derived from Tower 313 and Pad 39B. Although those probabilities are considered small by most standards, potentially significant differences exist at "extreme" probability levels. These differences could impact a particular engineering application depending on the risk level in which the customer can accept. The final comparison showed temperature and dewpoint combinations compared between the SLF and Pad 39B. Although Pad 39B observations were enveloped by the SLF database, the engineering community could be concerned that using one database over the other may not lead to adequate protection from extreme low temperature and low dewpoint combinations.
These comparisons show examples of database attributes of which EV44 considers before deciding on a particular database to apply to NASA engineering analyses at KSC. The proximity of towers at KSC to the location of a particular application affects the environmental input to that application. Therefore, EV44 examines characteristics of each tower prior to use. The variety of instrumentation at KSC -of which the towers are only one type of source -allows a wide range of meteorolo gical data to be examined for various engineering applications so that EV44 can supply the most appropriate and relevant information to the engineering comm-lunity for implementation into space vehicle design.
